Abstract. Gastric cancer (GC) is one of the most common malignant diseases worldwide. Although significant progress has been made in the early detection and treatment of GC over the past decades, the prognosis is still not satisfactory and the underlying mechanisms of carcinogenesis remain unknown. Long non-coding RNA MIAT has been established as a key player in the regulation of various biological and pathological processes including chronic lymphocytic leukemias, acute myocardial infarction and neuroendocrine prostate cancer. However, the function of MIAT in GC remains largely unknown. The expressions of lncRNA MIAT, miR-29a-3p and HDAC4 mRNA were analysed using quantitative real-time PCR (qRT-PCR). RNA interference approach was used to investigate the cellular functions of MIAT and miR-29a-3p. Cell Counting Kit-8 (CCK-8) assay and flow cytometry assay were performed to detect cell proliferation and apoptosis. Cell migration and invasion abilities were evaluated by Transwell assays. In the present study, we first confirmed the high expression level of MIAT in GC tissues and cell lines. In addition, knockdown of MIAT suppressed the proliferation, migration and invasion of GC cells in vitro. Furthermore, our results demonstrated that MIAT competitively binds to miR-29a-3p and consequently upregulates the expression of HDAC4, which is a downstream target of miR-29a-3p. In conclusion, the present study highlighted the involvement of the MIAT/ miR-29a-3p/HDAC4 axis in the development of GC, which provided potential diagnostic and therapeutic targets for GC.
Introduction
Gastric cancer (GC) remains a major public health concern as it represents the second leading cause of cancer-related mortality worldwide (1) . However, the therapy and prognosis for GC are still not satisfactory unless diagnosed at an early stage (2) . Clinically, GC still lacks tumor markers with enough specificity and sensitivity. Therefore, the development of potential GC markers is urgently needed for early diagnosis and effective treatment in clinics.
Histone deacetylases (HDACs) are enzymes that function in epigenetic gene regulation through the removal of acetyl groups from histone (3) . Emerging evidence has confirmed that histone acetylation has been implicated to be an important mediator in the epigenetic regulation of gene expression. Abnormal histone acetylation levels are often associated with tumorigenesis and progression in breast and colorectal cancer, and GC (4) (5) (6) . Recent studies have demonstrated that HDACs suppress cancer cell proliferation, invasion and metastasis through multiple signaling pathways (7) (8) (9) . However, it is unclear whether or not the HDAC family is associated with the regulation of biological behaviors in GC.
Long non-coding RNAs (lncRNAs) are defined as nonprotein coding transcripts over 200 nucleotides in length (10) . In recent years, with the development of high-throughput sequencing and novel computational approaches, lncRNAs have been identified as a significant player in the regulation of gene expression at the post-transcriptional level. Accordingly, there is growing evidence that the lncRNAs served as competing endogenous RNA (ceRNAs) to inhibit the expression or activity of microRNA (miRNA) (11, 12) . Since miRNA have been largely reported to regulate gene expression, investigating the crosstalk between lncRNAs and miRNA may enable us to better understand the mechanisms underlying the occurrence and development of associated diseases.
The lncRNA MIAT, also known as retinal non-coding RNA 2 (RNCR2) or Gomafu (the mouse homologue of MIAT), has been established as a key player in the regulation of various biological and pathological processes in multiple diseases including neuroendocrine prostate cancer, chronic lymphocytic leukemias and acute myocardial infarction (13-16).
The aberrant expression pattern of MIAT in several human malignancies raises the possibility that this gene plays a role in cancer progression (15, 16) . However, the role of MIAT in GC remained completely unknown.
In the present study, we aimed to exploit the potential diagnostic and therapeutic targets in GC. Our results demonstrated that lncRNA MIAT was markedly overexpressed in GC tissues and cell lines. In addition, functional studies were performed to examine the results of MIAT loss on tumor biology. Furthermore, we found that MIAT regulates GC cell biological behaviors through a mechanism involving miR-29a-3p/HDAC4 axis, thus providing new insights for both early diagnosis and effective therapy of GC. Cell culture and transfection. GES-1 (human gastric mucosal cells), and SGC7901 and MGC803 gastric carcinoma cell lines were obtained from the Genetics Laboratory of Harbin Medical university. Theses cell lines were maintained in RPMI-1640 medium supplemented with 15% (v/v) fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, uSA). All the cell lines were cultured at 37̊C with 5% CO 2 in a humidified incubator. The siRNAs against human MIAT were constructed by RiboBio Co., Ltd. (Guangzhou, China). The mimic and inhibitor of miR29a-3p were purchased from Invitrogen (Carlsbad, CA, USA). All cell transfections assays were performed according to the manufacturer's instructions (x-tremeGENE siRNA transfection reagent; Roche Diagnostics, Indianapolis, IN, USA).
Materials and methods
Total RNA extraction and real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen) and the concentration was confirmed by a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). All PCR primers were obtained from Invitrogen. For miR29a-3p, cDNA was synthesized from 5 ng of total RNA using TaqMan ® miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, uSA). For other genes, cDNAs were synthesized from total RNA using random primers from the RT Master Mix kit (Takara, Dalian, China). Real-time PCR was performed using the SYBR-Green Real-Time PCR Master Mix (Toyobo, Osaka, Japan), in accordance with the manufacturer's protocols, and the ABI 7500 Sequence Detection system (Life Technologies, Grand Island, NY, USA). The assay was repeated in triplicates for each sample. The level of transcription was assessed with the threshold cycle (Ct) value. The amount of the target, normalized to an endogenous reference, was obatined using the 2 -ΔΔCt method.
Western blotting. Briefly, total proteins were extracted from tissues or cell lines by RIPA buffer (radioimmunoprecipitation assay buffer) and the concentration was determined by BCA protein assay kit. Protein (25 µg) was separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF) membranes (uSA). The membranes were blocked with 5% non-fat milk (BD Biosciences, San Jose, CA, USA) and 0.1% Tween-20 in Tris-buffered saline and immunoblotted overnight using the HDAC4 primary antibodies at 4̊C with gentle shaking. Subsequently, the membranes were stained with fluorochrome labeled secondary antibody Alexa Fluor 790 (Abcam, Cambridge, MA, uSA). Immunoreactivity was detected with the Odyssey fluorescent scanning system (LI-COR, Lincoln, NE, USA) at a wavelength of 800 nm and examined by Image Studio software. β-actin detected on the same blot served as a loading control.
Cell proliferation assay. Cell Counting Kit-8 (CCK-8) was used in accordance to the manufacturer's instructions to determine the cell viability. SGC7901 and MGC803 cells were seeded in 96-well plates at 1x10 4 cells/well and maintained for 24 h. CCK-8 solution (10 µl) was added to each well and the plates were incubated at 37̊C for another 2 h. The absorbance at 450 nm was evaluated on an automatic microplate reader (BioTek Instruments, Inc., Winooski, VT, uSA). The data are representative of three individual experiments.
Flow cytometry. The cells in logarithmic phase were trypsinized and centrifuged at 1,000 rpm for 5 min. Then the cells were fixed and stained with 10 µl Annexin V/fluorescein isothiocyanate (FITC). Finally, the cells were incubated in 150 µl buffer containing 10 µl propidium iodide (PI) at room temperature for 5 min. Apoptosis was detected using a Cytomics FC 500 flow cytometer (Beckman Coulter, Inc., Brea, CA, USA). The percentage of apoptotic cells was calculated using CxP software.
Scratch wound healing assays. GC cells were seeded into 6-well plates and incubated overnight until they reached 70% confluence. A pipette tip was used to generate a scratch in the cell layer. Plates were then washed with phosphate-buffered saline (PBS) to remove the scraped cells. Images were captured after 24 h at the same position. Each test was carried out independently in triplicate.
Cell invasion assay. Cells in serum-free medium (200 µl containing 2.5x10 5 cells) were added to upper Transwell chambers (pore size, 8 µm; Corning Inc., Corning, NY, USA) after transfection. The bottom chamber contained medium with 10% FBS as a chemoattractant. After a 24-h incubation at 37̊C, the Matrigel and cells on the upper side of the membrane were removed with a cotton swab, and the cells that had migrated to the bottom surface of the membrane were fixed in 4% paraformaldehyde. Subsequently, the cells were stained with crystal violet for 10 min at room temperature. Statistical analysis. All data are presented as the mean ± standard deviation (SD) and analyzed with SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Student's t-test was performed when we compared the statistical significance between two groups. Statistical comparisons among multiple groups were performed using analysis of variance (ANOVA). A P-value <0.05 was considered as statistically significant.
Results
The expression of MIAT and miR-29a-3p in vivo and in vitro. In the present study, quantitative real-time PCR (qRT-PCR) was performed to evaluate the expression of MIAT and miR-29a-3p in 24 cases of GC and the matched peritumoral tissues. As shown in Fig. 1 , higher expression of MIAT (Fig. 1A) and lower expression of miR-29a-3p (Fig. 1C) were observed in tissues from patients with GC compared to those in the matched normal tissues. We also evaluated MIAT and miR-29a-3p expression levels in GES-1, SGC7901 and MGC803 cells. The results (Fig. 1B and C) revealed that the expression level of MIAT and miR-29a-3p in the GC cell lines was consistent with that in the tissues. These findings imply that MIAT and miR-29a-3p levels have a strong correlation with the pathogenesis of GC. MIAT inhibits the expression of miR-29a-3p. We found that MIAT has complementary base pairing sites with miR-29a according to bioinformatics tools (starBase v2.0) ( Fig. 2A) . To further confirm the crosstalk between MIAT and miR-29a-3p, we examined the expression level of miR-29a-3p in SGC7901 and MGC803 cells transfected with MIAT siRNAs (si-MIAT). Fig. 2B and C revealed that, knockdown of MIAT significantly increased the expression of miR-29a-3p in SGC7901 and MGC803 cells. In addition, markedly increased miR29a-3p by transfection with miR-29a-3p mimic confirmed the high transfection efficiency in the present study. These data revealed that MIAT may inhibit the expression of miR-29a-3p in GC cells.
Knockdown of MIAT decreases the proliferation and induces apoptosis in GC cells.
To determine the functional effects of MIAT on the biological behaviors of GC cells, we first examined the role of MIAT in the proliferation and apoptosis of GC cells. The expression of MIAT was markedly decreased in the cells transfected with si-MIAT compared with the negative control (NC) (Fig. 2B) . The cell proliferation assay determined by CCK-8 assay illustrated that knockdown of MIAT reduced SGC7901 and MGC803 cell proliferation compared with the cells transfected with the negative control siRNA (Fig. 3A) . In addition, knockdown of MIAT also promoted apoptosis of SGC7901 and MGC803 cells ( Fig. 3B and C) . Collectively, these data revealed that MIAT promoted GC cell proliferation and inhibited apoptosis in vitro.
MIAT deficiency impedes GC cell migration and invasion.
Scratch wound-healing assays demonstrated that MIAT knockdown significantly inhibited SGC7901 and MGC803 cell migration by ~62 and ~68%, respectively, compared to the negative control (Fig. 4A) . Moreover, MIAT deficiency markedly inhibited the invasiveness of SGC7901 and MGC803 cells (~50 and ~58%, respectively; Fig. 4B ) compared to the negative control.
HDAC4 is increased both in gastric tissues and cell lines.
The proteins of the HDAC family are important in the regulation of biological behaviors in multiple cancers. Thus, we profiled public databases TargetScan and found that miR-29a-3p has binding sites with the 3' uTR of HDAC4 mRNA (Fig. 5A) . To validate the possible role of HDAC4 in GC, we examined the expression of HDAC4 in GC tissues and cell lines by qRT-PCR and western blotting. The results revealed that the mRNA and protein levels of HDAC4 were markedly higher in GC tissues and cell lines compared to the control (Fig. 5B, D, F and G) . Fig. 5E represents part of the western blot results. In addition, the Oncomine database was used to examine the differences in the transcriptional profiles between GC and the adjacent normal tissues. Our results were in accordance with the data obtained from the Oncomine database (Fig. 5C) .
MIAT promotes HDAC4 expression via miR-29a-3p.
To determine whether MIAT regulated the biological behaviors of GC cells via the potential MIAT/miR29a-3p/HDAC4 axis, we first examined the expression levels of HDAC4 after knockdown of MIAT by siRNA. Fig. 6 revealed that both at the mRNA and protein levels, HDAC4 expression was downregulated in GC cells transfected with si-MIAT. Furthermore, to explore the role of miR-29a-3p involved in the function of MIAT in the expression of HDAC4, we explored the potential function of miR-29a-3p in HDAC4 expression. Fig. 5A revealed that miR-29a-3p has binding sites with the 3' uTR of HDAC4 mRNA, which was markedly reduced by transfection of miR-29a-3p mimic compared to the negative control ( Fig. 6A and B) . qRT-PCR and western blot results also revealed that the reduced HDAC4 expression by knockdown of MIAT could be largely reversed by the miR-29a-3p inhibitor. To summarize, these results indicate that MIAT may regulate the expression of HDAC4 via regulation of miR-29a-3p.
Discussion
Gastric cancer (GC) is a highly malignant tumor with complicated pathogenesis. While progress has been achieved in understanding the aetiology and risk factor of GC, there has been little improvement in GC survival rates (17, 18) . The keystones to improving health outcomes remain the early diagnosis and efficacious treatment (19) . Thus, the development of more accurate and efficacious therapeutic targets for this disease is undoubtedly the urgent requirement for improving patient outcome.
During the past decades, the association of non-coding RNAs (ncRNAs) with cancer has been widely studied.
Recently, lncRNAs were established as key players in the regulation of various biological and pathological processes, such as chromatin remodeling, cell cycle progression and regulation of gene transcription, which may lead to aberrant cell proliferation, apoptosis, invasion and metastasis in various cancers. Emerging evidence has indicated that lncRNAs could have a critical role in the regulation of cell growth and apoptosis as well as cancer progression and metastasis (20, 21) . Moreover, the crosstalk between lncRNAs and miRNAs which is involved in a great number of human diseases including GC has attracted increasing attention in recent years (22) (23) (24) .
Several studies have demonstrated the aberrant expression pattern of MIAT in human malignancies (15, 16) , which raises the possibility that this gene plays a role in cancer progression. However, the function and role of MIAT in GC remain unclear. In addition, to determining whether MIAT serves as a miRNA sponge in GC cells, we performed bioinformatics analysis and qRT-PCR assays. Consequently, we found that MIAT may regulate the expression of miR-29a-3p, which was detected at a low level in GC tissues and cell lines.
To further understand the function and role of MIAT and miR-29a-3p, we used prediction tools to search for the direct downstream gene of miR-29a-3p in GC cells, and we found the potential gene to be histone deacetylase 4 (HDAC4). According to previous studies, HDAC4, which belongs to class II of the HDAC family, may contribute to tumor development and progression through multiple mechanisms (25) (26) (27) . However, its biological roles in the development of GC remain largely unexplored.
In the present study, we first determined that lncRNA MIAT was upregulated in GC tissues and cell lines. Conversely, the mRNA level of miR-29a-3p was markedly downregulated. Moreover, our results revealed that MIAT may function as an endogenous miRNA sponge to inhibit the expression of miR-29a-3p by binding to miR-29a-3p in GC cells, leading to increased levels of HDAC4 expression and eventually aberrant cell biological behaviors in GC. However, how HDAC4 affects these multiple processes warrants further study.
In summary, the present study sheds new light on the regulation of GC progression by the MIAT/miR-29a-3p/HDAC4 axis, which may provide new insights for both early diagnosis and effective therapy of GC for clinical application.
